Abstract -At the present there exist two different types of riot helmet shells, a thermoplastic and a composite shell. The composite shell is believed to be superior in impact performance, but more expensive and complicated in manufacturing partially due to the fact that the textile reinforcement material has to be cut into pattern pieces before they can be applied to the helmet shaped mould. However, the discontinuation of fibers is likely to reduce the level of protection and shorten the lifetime of a helmet. The aim of this research is to develop a helmet shell consisting of a single-piece of fabric without creating wrinkles and without the necessity of cutting the fabric. For this purpose, a new type of woven fabric has been developed and an apparatus has been set up to drape the fabric to a helmet shell. The helmet shell was manufactured using a single piece of Kevlar woven fabric. In parallel the finite element method is applied to investigate the shock absorption behaviour of the helmet shell made from both multi-piece and single-piece fabric reinforcements. The results show clearly the advantage of the single-piece helmet shell over its existing multi-piece counterpart.
I. INTRODUCTION
Riots are common in many countries with increasing trend. The riot police officers are exposed to a large number of hazardous threats from the rioters. Rioters pick up anything they can such as metal pieces, stones, bats, knifes, and even petrol bombs to attack police officers. In addition, it is often the case that direct body contacts take place between the police officer and rioters during foot pursuit or restraint. In view of these hazards it is clear that helmets that provide improved protection will be necessary. Generally speaking, a helmet with improved performance should be more protective, lightweight, comfortable to wear and cost effective. However, improved impact protection often comes with side effects such as higher weight and discomfort.
This research project concentrates on the innovation and analysis of a new type of composite riot helmet shell. Approximately a total of 10,600 police riot helmets are sold to the UK police annually and 40,000 helmets were in use throughout the UK in 2003, which verifies that there is a continuous need of riot helmets. At the present there are two types of riot helmets available, a thermoplastic and a textile-reinforced (duroplastic) helmet shell. The technology remains the same since decades. While the riot helmets made of thermoplastics currently dominate the market in the UK due to its low costs, police helmets made of a composite shell are gaining ground due to their better impact performance and have been recognized and promoted by the Home Office Scientific Development Branch (HOSDB), who certifies police protection equipment.
The aim of this research is to develop a continuous reinforced composite shell using a single piece of fabric as reinforcement and to evaluate the performance of such made helmet. Commonly used composite helmets are made of trimmed fabrics, which are consolidated using the hand-lay up method. Before applying the fabrics to the mould, these have to be pre-cut into various geometries, which are then impregnated with an activated resin and applied to pre-defined areas of a negative type mould. Main materials used are fabrics consisting of aramid and glass fibres. The disadvantages of the present hand-lay-up procedure for composite shells are the number of processing steps, waste of material, time consumption and hence high costs. However, one of the main disadvantages of the existing composite shells is their discontinuous reinforcement, which may reduce the impact performance and results into failure modes such as matrix cracks and delamination. This paper reports on the characterisation of helmet shells made from multi-piece and single-piece fabric reinforcements using finite element methods (FEM), based on flat panels and helmet shells.
II. LITERATURE REVIEW
It must be said that not much has been reported on practical and theoretical investigation about the police riot helmets. Generally, most information about non-ballistic helmets is found about motorcycle and sports helmets, which deal predominantly with the improvement of the energy absorption by optimising the density of the absorbing protective padding layer underneath the shell. The riot helmet analysis proposed in this paper aims to improve the impact performance of the riot helmet shell, which can be determined considering performance indices such as the amount of absorbed impact energy, contact forces, acceleration, and the material damage inside the helmet. A comparison of the riot police helmets with motorcycle or sports helmets is difficult to be carried out mainly due to the fact that the helmet design is different. In terms of undercut designed motorcycle helmets, which are similar to riot helmets, there exist some information about practical work using helmet drop tests and theoretical work based on simple finite element simulation. Gilchrist and Mills [GIL, 94] studied the structural behaviour and deformation mechanism of thermoplastic and composite motorcycle helmet shells. They showed that the composite shell absorbed significantly more energy than the thermoplastic shell and that the rebound velocity of composite shells is smaller due to delamination. This verifies that composite shells are more advantageous in comparison to thermoplastic shells. In another motorcycle related study Yettram, Godfrey and Chinn [YET, 94] proposed a FE helmet model simulation to investigate the impact performance behaviour of the shell and absorbing liner. To understand the impact performance they modified the shell stiffness and the protective padding density. The conclusions of their study were that the lower the density of the protective padding the more impact energy can be absorbed, and that the helmet shell is not allowed to be too stiff to enable energy dissipation to the absorbing liner. However, such work about composite helmets does not consider the composite design of the helmet shell, which is an important component.
Dionne et al reported on the overall impact performance of commercially available riot helmets [DIO, 03] . Six helmets of different manufacturers have been impact tested laterally, at the front and at the visor. Results showed that the helmet impact performance strongly depends on the type of impact, whether it is rounded or edged. Detailed information about exposed energy values of various impactors had been provided. It was proposed that the protection of riot helmets ends at the average impact energy of a half brick, which lays approximately at 175J. Furthermore, it was proposed that the lateral helmet areas withstand higher impact energies than the frontal area, and that the face shield absorbs much less impact energy than the helmet shell. [CHO, 91b] by focusing on mechanical modelling of the composites. The aim of the analysis was to provide knowledge about the initial failure mode with its location and the initiation of delamination. They developed a matrix failure criterion, which is the first failure mode beside delamination and micro cracks according to them. The results of the predictions agreed very well with experimental results. They concluded that matrix cracking is the first failure mode in the composite laminates, which causes delamination and with occurring delamination micro-cracks. The matrix crack depends on the interaction of the interlaminar shear stresses/strength and the in-plane tensile stresses/strength. Furthermore the growth of delamination is dominated by the out-of-plane normal stress and the interlaminar shear stress.
Aslan et al [ASL, 03] studied the impact performance of five layer Glass/Epoxy plates exposed to a hemispherical impactor under low velocity impact. They used an experimental impact apparatus and a numerical transient dynamic finite element analysis code 3DIMPACT. Performance indices were the stresses and contact forces obtained during impact. For the evaluation of impact failure they used two criterions, namely, the critical matrix cracking criterion and the impact-induced delamination criterion proposed by Choi, et al [CHO, 91a] [CHO, 91b] . With the help of the numerical simulation and these criterions they were able to predict delamination failure and size in the composite plates.
Li et al carried out studies on continuous fibre-reinforced composite laminates made of cross-ply 00/90°0°0 composite plates [LI, 02a] . They believe that shear matrix cracks close to the impacted area are caused in the second 900 layer, these cracks initiate delamination along the bottom or upper interface of the cracked layer. A long bending matrix crack can be caused in the third 00 layer resulting in further delamination. These failure modes were considered by using numerical techniques. For that purpose they proposed an FEM code [Li, 02b] , where they verified the developed numerical model by comparison with experimental results including results from other researchers. Their comparisons are based on carbon/epoxy composite laminates of the stacking sequence 0°/90°/0°. They investigated various aspects such as the length of the composite laminate, the boundary conditions of the laminate, impact velocity, impactor mass, and the relationship to the individual damage modes, namely, delamination size, matrix crack distribution, force-time history and the central displacement. In terms of delamination size there exists an increase in delamination with a decrease in thickness of the 900 layer. Where the delamination extension increases faster into the laminate length than into the width. Generally, matrix cracks are similar to the delamination shapes, whereas bending cracks are few and extended and shear cracks are numerous and short. When the thickness of the 900 laminate layer is decreased the number of shear cracks and the length of bending cracks increases, because the stiffness in the 900 layer is reduced. It is worth mentioning that matrix cracks occur before delamination. In terms of force-time and deflection behaviour of the composite laminate, the stacking sequence within the composite plate had no significant influence. Furthermore, they found that an increase in impact velocity at identical impact energies (mass and velocity is varied), the impact force increases and impact duration becomes shorter. At the same time with increasing impact velocity the matrix cracks and delamination appear earlier. Whereas the central deflection of the plate increases with increasing mass. The increase of impact velocity seemed to have a larger effect on the delamination size than the increase in impactor mass at same impact energies. The results obtained from their FEM model were in good agreement with the results obtained from practical experiments.
III. FINITE ELEMENT MODELLING
In order to analyse the impact performance of textile reinforced riot helmet shells reinforced by single-piece and multi-piece fabrics, models for FE modelling are set up. Multi-piece and single-piece FE plate models were designed as a first step to investigate the impact performance. The obtained data can be related to the riot helmet analysis in a later study. Furthermore, FEM was used to design single-piece helmet shells for impact analysis with different objects. Furthermore, a method to produce continuous textile reinforced riot helmet shells has been established and is briefly introduced in this paper.
A. FEM analysis of composite panels with single-piece and multi-piece reinforcements To evaluate the impact performance of textile composites reinforced by single-piece and multi-piece fabrics, FE models of flat composite panels of various designs were set up. The purpose of this analysis is to investigate how fabric overlapping in composites would influence the impact performance of the composite. Five different plate models, four with multi-piece reinforcements and one with single-piece reinforcement, were created. The four different multi-piece models were designed to have overlapping length of 20mm, 30mm, 40mm and 50mm respectively and are accordingly denoted as MP20, MP30, MP40, and MP50. The design of multi-piece plates is illustrated in Fig. 1 The size of all the plate models has the same dimension with the width being 50mm, length 200mm, and thickness 2.4mm. The different models were impacted by a circular bar of 0.486kg at the centre of the plates with four different impact energies (20J, 50J, 80J, and 11OJ). This is due to simulate the low speed impact, which is most likely to be encountered in riot situations. FE software MSC.Marc Mentat was used to carry out the analysis. The performance of the composite panels in displacement, residual deformation, total strain energy and different plastic strain components has been considered. Fig. 2 shows the displacement and residual deformation of the single-piece plate and a representing multi-piece plate (MP50) when impacted with four different impact energies. It is clear that high impact energy causes larger displacement and residual deformation for both the multipiece and single-piece plates and that the displacement and residual deformation for MP50 are larger than that of SP. The latter indicates that a helmet shell made from a single-piece will be indented less than a helmet shell made from a multi-piece fabric, and would therefore be more able to block the impact force be transmitted to the head. Fig. 3 illustrates the influence of the overlapping length on the total strain energy when the panels are impacted with different levels of impact energy. It is evident that higher impact energy leads to higher total strain energy. It is also noticed that at the same impact energy level the total strain energy decreases slightly as the overlapping length increases, with the single-piece plate having the lowest total strain energy. This suggests that a composite panel with shorter overlapping length is able to absorb more impact energy because it is easy to be deformed, whereas when the overlapping length is long and in the case of a single-piece fabric reinforcement, the composite panel is less able to absorb impact energy. Combined with the discussion about Fig. 2 Dispensable finite elements were deleted. The edges of the shell were formed using the measurements taken from a commercially available riot helmet. The thickness of the helmet shell was created by these of 3D hexahedral elements. Fig. 8 shows a such created geometrical model of a riot helmet shell. Step Houbolt operator was applied as the default time integration method for the dynamic transient impact analysis. Element types 134 for tetra and type 7 for hex elements were used in the meshing process. The helmet shell design was considered to be with single-piece reinforcement and defined with Kevlar/Epoxy material properties, which were derived from earlier tensile tests. In order to simplify comparison each impactor was defined with steel material properties and the volume was kept constant to enable equal mass of 0.488kg. Three different objects were considered, which are a ball, a bar and a brick, representing the commonly encountered riot threats. In this part of the research, four different impact energy levels were used (20J, 50J, 80J, 1 OJ) to represent low-velocity impact. The impact in this simulation occurred at the helmet side area and the shell was constrained at its edges to enable secure fixation and sufficient flexibility to respond to the impact. Performance Local displacement and residual deformation, contact force, helmet acceleration, and total strain energy are used as the performance indices of the helmet shell. The data was collected from the initial contact points of both the shell and the impactor.
The use of the riot helmet shell is to prevent excessive impact force from being transmitted to the head and to absorb the shock created by the impact to minimise the acceleration caused to the head. Fig. 9 shows the total displacement and the amount of residual deformation of the shell after the impact. The displacement is defined by the deflection of the initial contact point of the helmet shell and the deformation is the residual deflection after the impact. It can be seen that both the displacement and residual deformation increase nonlinearly with increasing impact energy inside the low-velocity impact range set up in this simulation. It is evident that for each level of impact energy the ball impactor causes higher displacement and residual deformation than the bar and brick, and it is believed to be due to the smaller contact area. The elasticity percentage of the helmet shell is presented at the top of the columns. It is clear that the elasticity of the helmet shell decreases with the increase in impact energy. The gap between the displacement and residual deformation values becomes smaller with increasing impact energy. This indicates that a higherenergy impact will tend to leave the helmet shell more permanent damage as can be expected. The displacement of the helmet shell is a mechanism for impact energy absorption, which is reflected by the value of total strain energy during the impact process. One of the key aims of the riot helmet is to absorb as much of the incoming impact energy as possible as long as the transmitted impact force to the head is under control. Fig.  10 displays the influence of impact energy levels on the total strain energy through the FE simulation. It is as expected that higher level of impact energy cause higher total strain energy. It is interesting to see, however, that the percentage of impact energy converted to total strain energy is smaller at lower levels of impact energy level than at higher ones. This shows that at lower levels of impact energy the single-piece helmet shell is more likely to bounce the impact off and when the impact energy is higher, the helmet shell is more likely to deform to absorb the impact energy. These two modes work together for the durability and protection of the helmet shell, which are both needed for the helmet engineering. Fig. 11 shows a typical stress distribution over the helmet shell after impacted by a brick. It is seen that the highest normal stresses on the shell occur especially at the pointed corners of the impactor. These high stress areas are more prone to various failures. More damage can be brought to the helmet shell if the impact lands on the helmet shell with the pointed edge. For a helmet shell with discontinuity of the reinforcement material, a sharp edge impactor could lead to failure of the helmet shell such as matrix cracks and delamination. This will be the focus of further FE simulation of riot helmet shells reinforced by multi-piece textiles. 
